Abstract. Increasing surface temperatures and climatic variability associated with global climate change are expected to produce more frequent and intense heat waves and droughts in many parts of the world. Our goal was to elucidate the fundamental, but poorly understood, effects of these extreme weather events on avian communities across the conterminous United States. Specifically, we explored: (1) the effects of timing and duration of heat and drought events, (2) the effects of jointly occurring drought and heat waves relative to these events occurring in isolation, and (3) how effects vary among functional groups related to nest location and migratory habit, and among ecoregions with differing precipitation and temperature regimes. Using data from remote sensing, meteorological stations, and the North American Breeding Bird Survey, we used mixed effects models to quantify responses of overall and functional group abundance to heat waves and droughts (occurring alone or in concert) at two key periods in the annual cycle of birds: breeding and post-fledging. We also compared responses among species with different migratory and nesting characteristics, and among 17 ecoregions of the conterminous United States. We found large changes in avian abundances related to 100-year extreme weather events occurring in both breeding and post-fledging periods, but little support for an interaction among time periods. We also found that jointly-, rather than individually-occurring heat waves and droughts were both more common and more predictive of abundance changes. Declining abundance was the only significant response to post-fledging events, while responses to breeding period events were larger but could be positive or negative. Negative responses were especially frequent in the western U.S., and among ground-nesting birds and Neotropical migrants, with the largest single-season declines (36%) occurring among ground-nesting birds in the desert Southwest. These results indicate the importance of functional traits, timing, and geography in determining avian responses to weather extremes. Because dispersal to other regions appears to be an important avian response, it may be essential to maintain habitat refugia in a more climatically variable future.
INTRODUCTION
Episodes of extreme weather can alter biotic communities by affecting survival, reproduction, habitat selection, and resources on which organisms depend. Under a changing climate, extreme weather events such as heat waves and droughts are likely to become more frequent and intense in many locations (IPCC 2007) . In much of temperate North America, changes in the interannual variability in temperature and precipitation are predicted to be the most drastic aspects of climate change in the 21st century (Diffenbaugh et al. 2008) . Extreme events, which exceed ecological or physiological tolerances of some species, may have greater influence on population persistence than changes in mean conditions (Jentsch et al. 2007) . As societies and ecosystems are confronted with a changing climate, it is critical to understand how events such as heat waves and drought affect biodiversity (Archaux and Wolters 2006) . However, such an understanding is often limited to individual species, sites, and disturbance events, while a broader perspective that considers communities, diverse regions, and interactions among events is lacking.
Drought has been associated with lower habitat quality (Mueller et al. 2005 ), higher mortality (Mooij et al. 2002) , and reduced reproductive effort (Christman 2002) , and can decrease abundance and species richness of avian communities (Albright et al. 2010) . Heat waves can also stress avian communities by increasing water requirements (Guthery et al. 2005) , eliciting altered behavior on birds (Guthery et al. 2001) , and reducing reproduction and survival (Becker et al. 1997 , Christman 2002 , resulting in altered community structure and lower species richness (Albright et al., in press ). There is some evidence that the effects of both heat waves and drought vary among birds according to their migratory strategy (Albright et al. 2010) , body size (McKechnie and Wolf 2010) and other functional traits (Jiguet et al. 2006) , and among regions with differing climate regimes (Albright et al., in press) .
The timing of disturbances influences their effects on vegetation and ecological communities (Pickett and White 1985) . For example, the impacts of drought on primary productivity can depend on whether drought occurs before, during, or after the main period of vegetation growth (Heitschmidt et al. 1999) . The timing of events may also be important to birds, because they have different requirements at different times in their annual cycles. Caloric needs may be higher while caring for nestlings (Williams 1988) and prior to and during migration (JenniEiermann and Jenni 1996) , which may affect the sensitivity of birds to extreme weather events. The periods of the year during which bird species are most sensitive to heat waves may also depend on the functional characteristics of the species (Albright et al., in press) .
Heat waves often, but not always, accompany droughts (de Boeck et al. 2010) . In most nonpolar terrestrial regions, summer temperature anomalies are negatively correlated with precipitation (Trenberth and Shea 2005) . A key contributor to this relationship is that low soil moisture associated with drought results in an enhanced ratio of sensible-to-latent heat (the Bowen ratio) leading to greater surface and air temperatures. In Europe, for instance, the extreme heat wave of 2003 was associated with both sustained elevated temperatures and below-normal precipitation (Fischer et al. 2007) . However, heat waves may also be accompanied by normal or even abovenormal precipitation (Gershunov et al. 2009) . Similarly, summer droughts may occur during normal or abnormally cool periods (Trenberth and Shea 2005) . For most organisms, the cooccurrence of drought and heat waves may be especially challenging as water requirements are greatly increased when temperatures are elevated. Thus, knowledge of the effects of temperature and precipitation extremes, occurring both separately and in concert, is important for understanding biotic responses to contemporary and future environmental variability.
Here, our goal was to elucidate the fundamental, but poorly understood, effects of heat waves and droughts on avian communities across the conterminous United States at key time periods of the annual cycle of birds (bioperiods): early breeding and post fledging. First, we explored the temporal dimensions of these extreme weather events by asking whether avian assemblages are more responsive during a particular bioperiod and whether the effects of extreme events occurring in consecutive bioperiods are greater v www.esajournals.org than the sum of their effects individually. We hypothesized that especially deleterious effects would follow a sustained period of high temperatures and moisture deficits. While drought and heat waves are often coincident, we also asked whether the effects on avian assemblages vary according to whether these extreme weather events occur in concert or alone (e.g., a drought not accompanied by extremely high temperatures). Because of the increased demand for water at high temperatures, we predicted that periods of coincident heat and drought would be the most influential on avian assemblages. Throughout, we also sought to understand how avian responses vary according to key functional attributes (migratory habit and nest placement) and among ecoregions with differing climatic and physiographic characteristics. We hypothesized that relationships would be most strongly negative in hot and dry regions, which are subject to greater extremes, and that resident and ground-nesting species would be more affected by the extremes than migratory birds and canopy-nesting birds. Our hypothesis regarding resident species was based on their reliance on local resources and their duration of exposure to local conditions. We expected ground-nesting species to be more affected than canopy-nesting species because of the greater temperature extremes experienced at the land surface compared to the vegetation canopy.
METHODS
We obtained 2000-2008 data from the North American Breeding Bird Survey (BBS; (USGS 2008) for the conterminous United States, which included 3,418 BBS routes, each 39.5-km in length. Along each route, 50 3-minute point counts are conducted near dawn annually during peak breeding season (most often during June) in which all birds seen or heard within 400 m are recorded. We removed route-years collected by first-year observers and those having inclement weather at the time of the survey Sauer 1997, Sauer et al. 2004) . For each suitable routeyear, we summed counts of individual birds for (1) North American landbirds (''ALL'') (Rich et al. 2004) ; (2) three migratory guilds, namely permanent resident birds (''RESIDENT''), temperate or short distance migrant birds (''SHORTDIST''), and Neotropical migrants (''NEOTROP'') (Rappole 1995); and (3) a guild composed of groundnesting birds (''ground'') (Pidgeon et al. 2007 ); (Table 1 , complete membership lists in Appendix A). We excluded rare species (,30 route-year occurrences over the history of BBS in the conterminous US) and marine or aquatic species, which are poorly sampled by BBS (Bystrak 1981) . We assigned each BBS route to one of 17 ecoregions based on a re-aggregation of Bailey's provinces and divisions (Bailey 1995) . These modifications were made to maximize physiographic homogeneity within ecoregions while reducing variation in the number of BBS routes among ecoregions (Fig. 1 ).
Bioperiods and meteorological indicators
For this work, we focused on two bioperiods coinciding with key stages in the annual cycle of most temperate North American landbirds. The early breeding bioperiod corresponded to nest site selection, nest construction, egg laying, and incubation. The post-fledging bioperiod captured the vulnerable stage of young-of-year birds after they have left nests and receive decreasing levels of parental care (Adams et al. 2006 ). An individual's experiences during both of these bioperiods may determine its immediate survival as well its success during migration and subse- Notes: ''Species pool'' refers to the number of species in the guild observed and included in the routes in the study area over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Guilds within themes are mutually exclusive but not exhaustive, as some birds not assigned a guild may nest across strata or have multiple or unknown migratory habits.
v www.esajournals.org quent life stages (Merila and Svensson 1997) . The exact timing of nesting and fledging varies according to ecoregion, species, and environmental conditions experienced during a given year.
Previous work has documented the predictive utility of standardized precipitation indices (SPI) (Albright et al. 2010 ) and remotely-sensed daytime land surface temperature (LST) exceedances (Albright et al., in press ) when modeling avian communities in temperate latitudes. The SPI scales precipitation in units of standard deviations from mean precipitation for each location and time period (McKee et al. 1993) . We obtained SPI data from 2000-2008 from the High Plains Regional Climate Center, which consisted of a network of 2427 stations with precipitation measurements from the Applied Climate Information System hhttp://rcc-acis.orgi (Hubbard et al. 2004 ). Based partially on findings from Albright et al. (2010) , we selected the 32-week SPI interval ending in June (;18 Nov-30 June) as an indicator of relevant precipitation for the early breeding bioperiod. We included winter precipitation in this time period, rather than a more narrow spring-time window, because of the influence that winter precipitation can have on spring soil moisture (Entin et al. 2000) . We also included an 8-week SPI ending in late August (;2 Jul-26 Aug) as an indicator of precipitation during the post-fledging period. We then produced 1-km gridded SPI maps by interpolating SPI values from the weather stations using inverse distance weighting. v www.esajournals.org the National Aeronautics and Space Administration's Terra satellite. We used the full available historical record of MODIS in order to characterize mean conditions as well as possible for this data source. We excluded data with poor calibration, cloud contamination, or other quality issues, based on MODIS quality assurance information. We subtracted 2000-2009 mean values for each 8-day time period to obtain temperature anomalies for each year and projected the resulting images into Albers equal area projection with 5-km 3 5-km cells. We then calculated for the two bioperiods the mean LST exceedance, T E , which we defined as the average positive anomaly (all negative anomalies are treated as 0). Our rationale for using exceedances was that a cumulative index of high temperatures ignoring temperature variations below the mean would be a better proxy for heat wave conditions (Albright et al., in press ). Land surface temperature exceedance for the early breeding bioperiod was based on three 8-day MOD11C2 composite periods spanning 2-25 June. Representing the post-fledging bioperiod, we also calculated mean LST exceedance over six 8-day MOD11C2 composite periods spanning 20 Jul-5 Sep. Because of the June timing of the route surveys, we relate the early season bioperiod for both LST and SPI indicators to BBS data from the same year but relate indicators from the postfledging, which occurs after June, to BBS data during the following year. Although we acknowledge that the temporal windows for some of the metrics may not coincide with the phenology of some species (particularly the June temperature metrics in more southern locations where the breeding cycle occurs earlier), we chose to keep bioperiods consistent to facilitate analysis and comparison over a large area and across a large number of species.
In order to link the LST and SPI datasets to BBS routes, we calculated their spatial means within 20-km-radius buffers around BBS route centroids. In addition to encompassing the entire length of the route, this distance is comparable to ranges of natal dispersal distances reported in the literature (Sutherland et al. 2000 , Tittler et al. 2009 ), indicating that the buffer captures a biologically relevant area.
Analysis
In order to reduce data dimensionality and multicollinearity within bioperiods of SPI and LST data, we centered and standardized the four environmental variables and performed a principal components transformation using the prcomp command in the R language and environment for statistical computing (R Development Core Team 2009). The resulting transformed dataset contained 89% of the original variance in the first three principal components (PCs , Table 2 ). Furthermore, the loadings from the transformation resulted in highly interpretable principal components. We consider the first component, ''PF_STRESS'', to describe postfledging stress because it is loaded heavily on post-fledging T E and -SPI, while the second, ''EB_STRESS'', describes early breeding stress because it loads most heavily on T E and -SPI from this bioperiod. For example, high scores for PF_STRESS indicate unusually hot and dry conditions during the post-fledging bioperiod. The third component, ''DRYCOOL'', acts as a hybrid, indicative of coincident depressed precipitation and temperatures during both periods, but weighted more heavily on the early breeding season. Thus, a location with high values in DRYCOOL experienced drought conditions accompanied by relatively cool temperatures.
To quantify the relationship between the temperature metrics and avian abundance, rescaled as ln(abundance þ 1), we developed a series of linear mixed effect models using the nlme package within R (Pinheiro et al. 2008 ). We included a fixed effect for ecoregion to account for broad scale variation in abundance among the 17 different ecoregions. We included an environmental metric 3 ecoregion interaction term, which allowed fixed effects of the environmental stressors to be estimated for each ecoregion. We also included a random effect for BBS route. Similarly, different BBS observers possess different skill levels in detecting birds, which may result in biased estimates of abundance and richness (Sauer et al. 1994) , prompting us to treat observers as random effects nested within BBS routes. Finally, we added a continuous time autoregressive component to account for temporal autocorrelation (no residual spatial autocorrelation was encountered). The resulting general model for predicting abundance, y, was:
where the b 0i and b 1i were the intercept and slope vectors for the specified fixed effects at ecoregion i, X jk was a matrix of PC transformed variables at route j observed by observer k, b j and b k were random effects for route j and observer k, and e(t) was a continuous time autoregressive process of order 1. To investigate the influence of different bioperiods and different types of extreme weather, we included ecoregion-specific fixed effects for PF_STRESS, EB_STRESS, and DRYCOOL (''main effects model''). We also considered a model that additionally included an interaction between PF_STRESS and EB_STRESS to determine whether the effects of extreme weather during successive bioperiods were, for example, greater than their effects individually (''interaction model''). For each guild, we compared these two competing models using Akaike's information criterion (AIC) (Akaike 1974) , calculating change in AIC (D i ), and examining ecoregion-specific coefficients. As a rule of thumb, D i , 2.0 indicates a similar level of support as the ''best'' model (Burnham and Anderson 2002) .
Because of the log scaling and variation in baseline abundance among the regions, coefficients estimated from these models were difficult to compare and interpret. To better understand the magnitude and variation of observed relationships between the predictor variables and avian assemblages across ecoregions, we produced a series of model predictions based on different types of extreme conditions. We first extracted the 99th percentile from each of the three PC-transformed variables to obtain nominal 100-year extreme events. We then used the coefficients obtained from the fitted models to estimate the percentage change in avian abundance predicted to occur in response to each of the 100-year events.
RESULTS
During the nine years of this study, total bird abundance on routes ranged from 10 to 7134 individuals. Abundance was highest in the north central and lowest in the inland southwestern portions of the conterminous US. Short distance migrants were the most abundant guild (median ¼ 249 individuals per route) and permanent residents were the least (median ¼ 64).
The main effects models garnered much more support from the data than models incorporating bioperiod interactions, as indicated by comparison of D i . The within-guild D i values for the interaction models were ALL: 16.57, GROUND: 8.77, RESIDENT: 13.08, SHORTDIST: 1.66, NEO-TROP: 27.01. As such, subsequent results and discussion will focus on main effects-only models. Coefficients estimated from this model for all landbirds included numerous significant terms and considerable variation among ecoregions (Table 3) .
The effects of drought and heat waves on landbird abundance differed considerably among the bioperiods. The estimated effect of stress during the post fledging bioperiod (PF_STRESS) was negative in every ecoregion, but the effect of extreme weather associated with the early breeding period (EB_STRESS) was as likely to be positive as negative. The magnitude of the abundance changes varied considerably among bioperiods, as illustrated by the modeled changes in abundance following events of equivalent likelihood (Fig. 2, Appendix B) . The largest modeled declines in overall avian abundance were associated with EB_STRESS, and included those in the temperate (À11.0%) and subtropical deserts (À23.1%) of the West. Although there was considerable variation in effect size among functional guilds, the pattern of consistently negative effects of PF_STRESS and varying effects of EB_STRESS generally held regardless v www.esajournals.org of guild ( Fig. 2 ; Appendices B-F). As with landbirds overall, the largest declines within specific guilds were in association with of EB_ STRESS.
Avifauna response to DRYCOOL was both mixed and muted, with only two ecoregions (Temperate Desert and Tropical/Subtropical Desert) having significantly negative coefficients and one region (West Coast Mountains) having a significant positive coefficient. 100-year extreme conditions for DRYCOOL had only modest modeled changes in avian abundance, with a maximum decline of 5.5% occurring in the TropSubDesert ecoregion. This mixed and muted pattern generally held among the functional guilds. However, there were some cases in which abundance changes were greater in association with 100-year DRYCOOL events than for stress in either of the bioperiods. This was most notable in the ground nesting guild in the WestMtns and Prairie Subtropical ecoregions, which saw GROUND increases of 8.9% and 6.6%, respectively (Appendix B).
The distinct response of ground nesting birds to DRYCOOL is but one example of a large amount of variation in avian responses according to functional traits. Ground nesting birds appeared the most susceptible to large declines in association with extreme weather events during either of the bioperiods, having larger declines (including a 35.9% decline in the TropSubDesert ecoregion) than any other guild and comparatively few increases in abundance (Appendix C). Among migratory guilds (Appendices D-F), short distance migrants had the largest modeled declines, although Neotropical migrants were the only group to not include any significant positive responses to the 100-year events. Permanent residents were notable for the range of modeled responses, which included both large negative and positive changes, depending on ecoregion.
As noted above, the relationship between the environmental variables and avian abundance varied considerably among the ecoregions. Although declines in abundance were the only significant response to post fledging stress, the magnitude of declines varied considerably, with the largest declines occurring in the Southwest. A notable exception to this geographic trend was the relatively large, 10.6% modeled decline in ground nesting birds following 100-year PF_STRESS event in the Warm Continental Mountains ecoregion in the northeastern U.S. In contrast to PF_STRESS, EB_STRESS produced a wide range of significant positive and negative changes in avian abundance. Ecoregions that experienced abundance increases following EB_ STRESS were concentrated in northern and mountainous areas, while declines were concentrated in the West and Southwest. In particular, the TropSubDesert ecoregion stood out as having the largest and most consistent declines. v www.esajournals.org
DISCUSSION
The co-occurrence of drought and heat waves wielded strong influence on avian abundance in the conterminous U.S. over our 9-year study period. Modeled responses to periods of extreme weather, with avian abundance changing by more than 15% in many cases, appeared more dramatic than found in previous studies in the central U.S. examining drought and heat waves separately (Albright et al. 2010, in press ). Extreme weather occurring in both post-fledging and early nesting periods influenced avian communities, but in different ways. PF_STRESS consistently produced negative responses, but both declines and increases in abundance were of greater magnitude following EB_STRESS. July and August temperatures (used in PF_STRESS), which are generally the highest of the year, are often used in physiological studies of avian thermal stress (Guthery et al. 2001, McKechnie and Wolf 2010) , so there is reason to expect this period to be highly influential. However, because of the timing of surveys associated with the BBS, there is a much longer lag between the postfledging bioperiod and the dates of avian data collection used in this study. So, while heat and drought occurring during the early breeding period may influence habitat selection, survival, and induce post-migratory movements among adult birds, this approximately 10-month lag could dampen the effects of PF_STRESS due to the intervention of mortality during migration, density dependence, and other factors (Robinson et al. 2007 ). We found little support for bioperiod interactions, refuting our hypothesis that effects would be greater following successively occurring PF_STRESS and EB_STRESS events than the sum of their effects individually.
In contrast to the jointly occurring droughts and heat waves described above, droughts accompanied by relatively cool temperatures (and by corollary, heat waves with relatively abundant precipitation) were associated with relatively minor changes in avian abundance. There is a strong biophysical basis for increased water requirements of individual birds under high ambient temperatures (Williams and Tieleman 2005) . Thus, it is not surprising that even extreme drought, if accompanied by cooler temperatures, would not affect avian abundance as much as a more common hot drought. An explanation for the number of positive responses to drought and heat is not clear.
Our findings reinforce and extend the importance of functional characteristics in differentiating the response of birds to extreme weather.
Most striking was the wide variation among migratory guilds in response to extremes associated with EB_STRESS. In a number of ecoregions, the response to EB_STRESS by permanent residents was much more positive than that by Neotropical migrants. For the most part, these regions tended to be either mountainous or northern, suggesting an influence of winter snowfall (snow water equivalent is included in SPI) on avian community dynamics. The increased abundances associated with dry conditions could thus indicate less of a snow pack to challenge resident birds' access to resources (Albright et al. 2010) . Although no migratory guild responded positively, extreme weather during the post-fledging period was most influential in reducing abundance of short distance migrant birds, which may make decisions about dispersal during this period, potentially influencing their selection of habitat during the following breeding season. Following this logic, the reduced abundance measured by BBS would reflect a tendency among short distance migrant birds to avoid routes that experienced hot and dry conditions during the previous post-fledging period. Among Neotropical migrants, this effect may be overwhelmed by high mortality rates from migration to and from their wintering grounds (Sillett and Holmes 2002) . Considering nest location, we found that declines among ground nesting birds associated with drought and heat waves were nearly always larger than those among landbirds overall across the entire study region. The declines in the deserts of the Southwest were even stronger than found in a study focusing on land surface temperature alone (Albright et al., in press) and the extension of this ground nesting effect to heavily forested regions of the East was not expected. Unless heavily thinned, temperatures under forest canopies at ground level tend to be less extreme than at the top of the canopy (Rambo and North 2009) .
This study covered a much greater diversity of ecoregions than any previous study. While some aspects of the influence of ecoregional variation on the response of birds to drought and heat have already been discussed, a few others merit emphasis here. The effects of drought and heat waves were felt more strongly in the subtropical deserts of the Southwest than in any other region, despite the likely temporal mismatch between v www.esajournals.org the temperature metrics and the reproductive cycle of most species in this region. This suggests that these extremes can have large effects on observed populations even outside of the periods in breeding phenology to which we hypothesized avian species would be especially sensitive. Not only is this region subject to extremely high temperatures that can exceed physiological limits of birds (McKechnie and Wolf 2010) , it is considered a climate change hot spot that is predicted to see increasing interannual variability in precipitation (Diffenbaugh et al. 2008) . On the other hand, more modest avian responses were found in other regions, including much of the lowland portion of the eastern US. While we have already discussed the tendency of some functional groups to respond positively to early breeding stress in northern and mountainous areas, we also uncovered surprisingly negative responses by ground-nesting and resident birds in the WarmContiMtn region encompassing the northern Appalachian Mountains, for which an explanation remains elusive.
While our study was not focused on identifying mechanisms associated with the changes in avian abundances we described, it provides some insight. We can considered three broad processes by which environmental stresses, such as drought and heat waves, affect avian abundance: (1) adult survival, (2) reproduction and recruitment, and/or (3) dispersal. While the effects of each of these in response to PF_STRESS could be detected by our study, changes in survival and dispersal are the only possible responses to EB_STRESS detectable in BBS data collected during June of the same year. Given that some of the strongest responses were associated with this early breeding bioperiod, it appears that changes in adult mortality and dispersal are the predominant processes behind the observed changes in abundance in our study. The relative contribution of adult mortality and dispersal remains an important question. During times of extreme weather, normally philopatric birds may disperse to other regions, which serve as refugia. While there is evidence of this occurring in response to drought (Martin et al. 2007 ), the literature does not provide examples of this during heat waves, which are a more suddenlydeveloping phenomenon. It is possible that birds may be limited in their ability to undertake a demanding dispersal under duress to avoid the consequences of a heat wave, especially when the spatial scale of the heat wave is broad. More common in the literature are examples of heat wave-induced mortality (e.g., Finlayson 1932 , Becker et al. 1997 .
Our results highlight both important implications and questions for a more climatically variable future. Drought and heat waves influence avian community structure across a broad range of ecoregions, but reductions in avian abundance were the greatest in the arid Southwest. Because the arid Southwest is predicted to experience among the greatest increases in interannual temperature and precipitation variability, this finding merits special attention. While understanding the response to these events at the scale of one year is an important step, understanding the longer term demographic consequences of altered variability regimes is an important emerging question. Theory and modeling studies suggest reduced population growth rates in more variable climates (Boyce et al. 2006) . The degree to which this expresses itself on real landscapes will be an interesting future discovery. The potential of birds undertaking energetically-costly migrations to be especially susceptible to extreme events such as heat waves and drought also deserves further study. Finally, we caution that because of our identification of dispersal as a key response to environmental extremes in this work, management and conservation decisions should consider the importance of suitable refugium areas even if they are used infrequently.
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